The NADH dehydrogenase complex (or mitochondrial respiratory complex I) catalyzes the oxidation of NADH by ubiquinone. This reaction is linked to proton transfer across mitochondrial membranes. Complex I is composed of a large number of subunits, several of which are encoded by mitochondrial DNA (mtDNA). These genes (for short, ND genes) have been identified in a variety of organisms including mammals (1-3, 7), amphibians (45) , insects (9, 20) , protozoa (29, 43, 53) , plants (38) , and algae (34) , as well as filamentous fungi (4, 13, 36) . In the plants liverwort (40) , tobacco (50) , and rice (26, 54) , equivalent genes in the chloroplast genome have been identified. Various multiple disorders of humans are associated with mutations of the mitochondrial ND genes (55) . In yeast mitochondria, the presence of ND genes has not been reported so far. No sequences related to the ND-encoding genes could be found in the total mtDNA sequences of Saccharomyces cerevisiae (15) and Schizosaccharomyces pombe (47) , and site 1 phosphorylation seems to be absent in S. cerevisiae (30, 32, 48 [see, however, reference 39]). It is not clear whether the absence of mtDNA-encoded ND subunits in these species constitutes an exceptional case for yeasts. In Candida utilis (anamorph-asexual form-of Pichia jadindi), site 1-linked phosphorylation seems to occur and NADH dehydrogenase synthesis appears to be under growth-related control. Candida parapsilosis (6) and Candida tropicalis (19) have also been reported to have NADH dehydrogenase activity coupled with site 1 phosphorylation. Assuming that site 1 phosphorylation depends on the presence of mtDNA-encoded ND subunits, one may expect that the mtDNA of some aerobic yeasts possesses the ND genes, as in the case of the filamentous fungi so far studied (members of the genera Neurospora, Podospora, and Aspergillus). However, the search for ND genes in yeast mtDNAs with gene probes from filamentous fungi has not been successful, probably because of a large divergence of nucleotide sequences. During sequencing work on the mtDNA of C. parapsilosis, we found a set of new open reading frames which turned out to be clearly homologous to the NADH Zymolyase and proteinase K and electrophoresed in a 1% agarose gel (52) with 0.5x Tris-borate EDTA buffer (46) . Electrophoresis was carried out on an LKB pulsaphor apparatus in contour-clamped homogeneous electric field configuration. Pulse conditions were the following: phase 1, 100 s, 17 h; phase 2, 130 s, 33 h; and phase 3, 360 s, 20 h; 130 V and 9°C throughout. DNA (5) . Furthermore, the electrophoretic karyotypes were also similar between these two strains, as shown in Fig. 1 . These data confirmed the taxonomical definition of the strain SR23 as C. parapsilosis. All other strains are the type cultures representative of each species, except that S. cerevisiae MH41-7B is a laboratory strain of known genotype.
Preparation of mtDNA. mtDNA of C. parapsilosis was purified from a total DNA preparation by two cycles of isopycnic centrifugation in CsC1 in the presence of bisbenzimide (H33258; Hoechst) (21) and used in DNA cloning procedures. For dot blot hybridization, minipreparations of mtDNA from various yeasts were obtained according to a previously described procedure (12) . Dot blot hybridization. Samples (approximately 100 ng) of mtDNA from various yeasts were denatured and dot blotted on Nylon' membranes (Appligene, Illkirch, France). Hybridization of the membrane-bound DNA with 32P-labelled probes was performed in 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M Na3-citrate) at 500C, overnight. The membranes were then washed in 3x SSC-0.1% sodium dodecyl sulfate (SDS) at room temperature (low-stringency condition) or in 0.1 x SSC-0.1% SDS at 50°C (high-stringency condition). The ND gene probes were the restriction fragments isolated from cloned mtDNA pieces. These probes contained ND6-ND1, ND2-ND3, ND4L-ND5 (5' part), or NDS (3' part) sequences. Their sizes and map positions are indicated in Fig. 2B . The probe for gene ND4 was a 1.9-kbp PstI-EaeI fragment from the PstI-6 clone of Podospora anserina mtDNA (10 extracted from partially purified mitochondria, electrophoresed in 1.2% agarose gels containing formaldehyde, and transferred onto a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). The blotted RNA was hybridized with the 32P-labelled ND gene probes described above in a solution containing 50% formamide, 5X SSC, 50 mM Naphosphate (pH 7.0), 5X Denhardt's solution, and 100 jig of denatured salmon sperm DNA per ml at 420C, overnight (see reference 46). Membranes were washed in 2x SSC-0.1% SDS and then in 0.1 X SSC-0.1% SDS at 50'C, dried, and autoradiographed. The mitochondrial RNA preparations were contaminated with cytoplasmic RNA, as judged from the presence of cytoplasmic ribosomal RNAs, but its presence did not interfere with specific hybridization of ND probes with mitochondrial RNA species, as this had been checked by the use of an RNA preparation purified from ribonuclease-treated mitochondria (data not shown).
Nucleotide sequence accession numbers. The DNA sequences discussed in this report have been deposited in the EMBL Sequence Data Library under accession numbers X75674 (ND4L-NDS), X75675 (ND6-ND1), X75676 (ND2 [partial]-ND3), X75679 (COX3), and X74411 (ATP9).
RESULTS
Detection of NADH dehydrogenase subunit genes by DNA sequencing. A physical and genetic map of the linear mtDNA of C. parapsilosis is shown in Fig. 2A . The structure of the telomere regions has not been described (37a Table 2 ). The following probes were used: ND4L-ND5 (5' half) at low and high stringency, respectively (a and b); NDS (3' half) at low and high stringency, respectively (c and d); ND6-ND1 at low stringency (e); ND2-ND3 at low stringency (f); ND4 of P. anserina at low stringency (g); COX3 at low stringency (h).
genome, but the junctions between the contiguous gene couples, ND4L-NDS, ND6-ND1, and ND2-ND3, showed a fusion of the termination codon TAA with the next start codon ATG, forming the sequence TAATG. Transcription of ND genes ifn C. parapsilosis. The relatively low degree of sequence conservation of ND genes among organisms and their absence from the S. cerevisiae mitochondrial genome raised the possibility of degenerate ND sequences in some cases. We therefore examined whether the putative ND-encoding genes are being transcribed in C. parapsilosis mitochondria. Figure 4 shows that mitochondrial RNA preparations contained various RNA species that hybridized specifically with each gene probe. Each of the ND4L-NDS, ND6-NDJ, and ND2-ND3 gene clusters seems to be cotranscribed into a major large RNA species with approximative molecular sizes of 2.0, 1.7, and 1.9 kb, respectively. A second minor species, with a slightly higher molecular weight, was observed in each case. They may represent unprocessed primary transcripts but have not been studied further. The sizes of these minor transcripts largely exceeded those expected for the transcripts of the individual genes. None of the gene sequences revealed any introns.
The RNA extracted from mitochondria may contain low variable amounts of cytoplasmic contaminants. This leaves the possibility that the RNA species detected by hybridization with ND gene probes might be due to contaminating cytoplasmic species. Such a possibility was shown to be unlikely by two kinds of experiments (data not shown): (i) RNA preparations extracted from ribonuclease-treated mitochondria (which indeed retained much-reduced amounts of cytoplasmic contaminants) still showed unchanged intensity of hybridization signals with an ND gene probe, and (ii) a cloned mitochondrial ND gene probe did not hybridize to any of the blotted chromosomal DNAs. The latter experiment was aimed at detecting possible nuclear ND gene homologs, because such a case is known for the ATPase subunit 9 gene in Neurospora crassa.
Detection of ND genes in other yeast species. The genetic organization of a multigenic system, such as respiratory complex I, can be thought to be one of the most significant criteria of relatedness between species. Since the use of hybridization probes from filamentous fungi has not provided convincing evidence of the presence of ND gene homologs in yeast mtDNAs, the C. parapsilosis genes offered the probes of choice in the search for their homologs in other species. Crude mtDNAs were prepared from a series of selected yeast species, including those which had often been the object of NADH dehydrogenase studies. These DNAs were blotted onto nylon membranes and hybridized with the C. parapsilosis probes under high-and low-stringency conditions. Figure 5 nidulans, Trichophyton rubrum [11] , and Cephalosporium acremonium [42] ), but not in the mtDNAs of the familiar species of yeast so far examined. In S. cerevisiae and S. pombe, for which almost the entire mtDNA sequences are known, no ND-like genes could be identified, and these mitochondria may completely lack a complex I-like NADH dehydrogenase (14) . In one case (27) Of particular interest is the probable presence of ND genes in C. utilis, as judged from the weak signals obtained in the hybridization experiments with both the C. parapsilosis and the P. anserina probes. The synthesis of the NADH dehydrogenase activity in C. utilis has been reported to be largely variable depending on the growth phase (22, 28, 32). Regulatory aspects of complex I biogenesis have also been described for Aspergillus niger (44) . With the possibility of identifying mitochondrial ND genes by the use of C. parapsilosis probes, regulatory studies may be extended to various yeasts, especially those suited for mutational analyses.
Transcription of ND genes. In many yeasts so far studied, including those carrying a linear mtDNA (18) , the mitochondrial genome uses a common signal, ATATAAGTA (8, 16, 41, 57) , or more generally (A/C)TA(T/A)A(A/C)G(Af/C)(A/T) (A/G) (33) , that marks the transcriptional start sites. Such signals were not found in C. parapsilosis mtDNA. The fused arrangement of ND genes, as seen for ND4L-ND5, ND6-NDI, and ND2-ND3, seems to be characteristic of this group of genes, since similar junctions have often been found in other fungal mtDNAs (10, 11, 36) . The transcripts we found were indeed quite large, consistent with the idea that these genes probably give rise to bicistronic messenger RNAs which are not further processed to individual messages. In the downstream region of the genes, no consensus motifs which could be the sites of RNA processing could be seen. Since tRNA genes are present between genes coding for proteins, these might serve as RNA processing sites, as in the case of animal mitochondria. C. parapsilosis ND gene sequences have no introns, in contrast to most of their homologs, especially those of filamentous fungi. Open reading frames of the RF1, RF2, and RF3 type known in Saccharomyces species (35, 49) (37) . The extent of divergence was not the same for all the ND gene products; for example, ND6 seems to diverge much faster than ND1, in agreement with an observation by Fearnley and Walker (17) regarding other organisms. In some mtDNAs, part of the usual set of seven ND genes can even be missing; for example, Chlamydomonas reinhardtii mtDNA has only five of these genes (34) . Perhaps some genes might have moved to the nucleus. S. cerevisiae chromosome III contains an open reading frame of unknown function (YCR0O7C) whose potential product shows some sequence homology with ND3 from Asterina pectinifera mitochondria (51) .
Despite the sequence divergence, the ND genes of C. parapsilosis do not show a significantly modified pattern of codon selection compared with other yeasts. The fact that C. parapsilosis mtDNA has ND genes may mean either that this species among yeasts is particularly close to the filamentous fungi, as suggested by physiological features, or that the majority of yeast species may possess these genes and C. parapsilosis would then not be an exception. In the latter case, comparison of the gene sequences of this set may be an interesting tool in yeast identification and classification.
We may attempt to see the relatedness of various organisms in terms of mtDNA-encoded gene products. Phylogenetic trees generated from ND1 and cytochrome oxidase subunit 3 sequences are shown in Fig. 6 . The results with both proteins (and other ND subunits, not shown) were similar and consistent with current classification.
Wide occurrence of ND subunit genes among yeast species. The mitochondrial ND gene sequences were used as hybridization probes to detect the possible occurrence of their homologs in a wide range of yeast species. Since crude mtDNA preparations have been used in these experiments, the quantitative interpretation of the results is limited, although highly indicative. These experiments are also made difficult by the fact that mitochondrial ND gene sequences tend to diverge much faster than other mitochondrial genes. However, there are reasons to suppose that the group of species showing rather low levels of hybridization signals do contain ND genes or related sequences, because (i) the mtDNAs that are known to lack these genes completely gave no hybridization, and (ii) when one of the weakly hybridizing mtDNAs was purified, its restriction digests showed unambiguous hybridization with specific mtDNA fragments, and partial sequencing confirmed the presence of an ND gene (unpublished data). Therefore, the results of the blotting experiments should be further verified on selected species of physiological interest.
